Porous copper fiber-sintered sheets (PCFSSs) with different porosities were fabricated through the solid-phase sintering method using cutting copper fibers. PCFSSs with the same porosity and different porosities were then joined via a fluxless soldering method. By analyzing the uniaxial tensile property of the PCFSSs, the formation mechanism of the soldered PCFSSs was investigated. e difference in the tensile properties between the soldered and original PCFSSs was examined. Experimental results indicated that, for the PCFSSs with homogeneous porosity, reducing the porosity increased the tensile strength and elongation at break significantly. e fluxless soldering method with the lead-free solder resulted in excellent joining of the PCFSSs with the same porosity and different porosities. Moreover, the final tensile strength of the soldered PCFSSs with the same porosity was nearly equal to that of their parent PCFSSs. e tensile strength of the soldered PCFSSs with different porosities depended on the higher-porosity section. After soldering the PCFSSs, Young's modulus increased and the elongation at break reduced.
Introduction
With the development of precision manufacturing and material processing technology, porous metal materials are attracting considerable interest from researchers as novel structural and functional materials. In particular, porous metal fiber-sintered sheets made of metal fibers have been used in many industrial applications, such as filtration and separation, energy absorption, and noise reduction, and have been used in microreactors, heat exchangers, fuel cells, etc. [1] [2] [3] [4] [5] [6] [7] . ey have excellent structural properties because of their interconnected, three-dimensional (3D) network structure and have high porosities and large specific surface areas.
Porous copper fiber-sintered sheets (PCFSSs) are usually fabricated via the sintering method or the wet layup method [8] . e performance of PCFSSs is closely related to the fiber type, sintering process, pore size, etc. For example, Clyne and Markaki fabricated porous stainless steel fiber-sintered sheets via the liquid-phase sintering method with copper powder as the connecting agent. However, the tensile strength of the stainless steel fiber-sintered sheets in the porosity range of 75%-95% was no higher than 1 MPa [9] [10] [11] . Tang et al. fabricated stainless steel fiber felts via the solid-phase sintering method with 28 μm fibers and performed synchrotron radiation experiments to investigate the sintering mechanism and the evolution of the sintered neck, which significantly affect the mechanical strength [12, 13] . Zhou et al. used 100 μm cutting copper fibers to fabricate PCFSSs via the solid-phase sintering method and systematically studied the effects of the sintering conditions (including the sintering temperature and time), fiber distribution, and porosity on the tensile strength [14] [15] [16] . Liu et al. fabricated entangled steel wire materials with stainless steel fibers and investigated the pore structure, Young's modulus, and tensile strength of the materials. e tensile strength of a stainless steel porous material with 61.8% porosity was 40.1 MPa, and Young's modulus was as high as 2.7 GPa [17, 18] . Markaki and Clyne investigated the mechanical properties of porous metal fiber materials by performing a combined theoretical and numerical analysis [11, 19, 20] .
Compared with porous metal fiber materials having homogeneous pore structures, porous metal materials with gradient pore structures, owing to their improved flow resistance and permeability, have exhibited better performance in applications such as microreactors, sound absorption and noise reduction, and micro-heat exchangers [21] . For example, Zhou et al. used porous copper fibersintered felts with a gradient porosity as catalyst supports to design laminated-sheet methanol steam-reforming microreactors for hydrogen production. e porous copper fibersintered felts with three-grade porosity (70%-80%-90%) exhibited better methanol conversion and a high H 2 flow rate [22] . Meng et al. compared experimental and calculated results to show that porous metal fiber materials with gradient structures had a higher sound-absorption coefficient. In particular, when stringent restrictions were placed on the total volume and/or weight of the soundabsorbing material, the porous sound-absorbing materials with a gradient structure exhibited unparalleled performance advantages [23] .
Several studies have indicated that methods such as gluing, riveting, welding, and soldering can be used to fabricate porous metal materials with gradient pore structures [24] [25] [26] [27] [28] [29] [30] [31] . Ashby et al. [24] and Olurin [25] presented a feasible method for the soldering of aluminum foams with fluxes, and Huang et al. [26, 27] described fluxless soldering for connecting aluminum foam materials. However, the removal of oxide layers was necessary, and the strength of the joints was usually lower than that of their parent material. Recently, the connection of stainless steel foam materials and nickel foam materials has also attracted considerable attention.
In summary, porous metal materials with a gradient pore structure have exhibited significant advantages in many applications. However, the successful joining of porous metal fiber-sintered materials with a gradient pore structure has not been reported. In this study, cutting copper fibers were used to fabricate PCFSSs with homogeneous porosity. Subsequently, the PCFSSs were joined via a fluxless soldering method to form soldered PCFSSs with gradient pore structures. By analyzing the pore structure and uniaxial tensile properties of the soldered PCFSSs, the soldering formation mechanism of the PCFSSs was investigated. e difference in the tensile properties between the soldered and original PCFSSs was examined.
Experimental Procedures

Fabrication of PCFSSs.
e fabrication process for PCFSSs with homogeneous porosity involves three stages: copper fiber cutting, fiber molding, and solid-phase sintering [32] . In this study, rough-surface copper fibers were fabricated via a cutting method on a common lathe using a multitooth tool. A 99.5% pure copper bar with a diameter of 40 mm was used as the workpiece material. Continuous copper fibers with an equivalent diameter of approximately 100 μm were obtained by adjusting the cutting parameters. Subsequently, the continuous copper fibers were cut into short fibers with lengths between 10 and 20 mm. e short fibers were evenly filled in a rectangular mold. A moldpressing device was used to apply a specific pressure to the metal fibers. A bolt was then employed to tighten the pressure plate, producing a porous copper fiber sheet sample with the same shape as the mold. A box-type furnace in a gasprotection atmosphere (RXL-12-11) was used in the sintering process. e hydrogen gas pressure and the sintering temperature in the chamber were maintained at 0.3 MPa and 900°C, respectively. e heating rate and sintering time were set as 5°C/min and 30 min, respectively. e sintering process parameters are shown in Figure 1 . When the sintering process was completed, PCFSSs with a specified shape were obtained, as shown in Figure 2 . In this study, PCFSSs with two different shapes were fabricated, with dimensions of 100 mm × 15 mm × 4 mm and 50 mm × 15 mm × 4 mm. e porosities of the PCFSSs were 70%, 75%, 80%, 85%, and 90%.
e mass-volume method was used to calculate the porosity of each PCFSS:
where ε represents the porosity of the PCFSS, m represents the mass of the copper fiber, ρ represents the density of copper, and V represents the volume of the PCFSS.
Fluxless Soldering for Joining PCFSSs.
To avoid damage to the PCFSS pore structure due to the high temperatures or pressures produced by melt welding or pressure welding, we proposed a fluxless soldering method for the joining of PCFSSs with different porosities. A handheld electric iron (BuFan ABF203H, Dongguan, China) at a temperature of approximately 380°C was used as the heat source. e filler metal, a lead-free solder, was composed of 99.3 wt.% Sn, and its melting point was approximately 227°C. During the soldering process, a high-temperature iron head was used to stir the molten filler metal to keep the solder in the liquid phase and create a uniform coating. e molten solder was coated onto the surface of the PCFSSs and then quickly percolated into the pore structure under the action of capillary forces of the micropores. After cooling and solidification, a stable and reliable soldering joint was formed, and a soldering connection of PCFSSs with different porosities was achieved. In this study, two short sintering plates with dimensions of 50 mm × 15 mm × 4 mm were joined into a long sheet with dimensions of 100 mm × 15 mm × 4 mm. e soldering width of the molten filler metal coating on the joining surface was controlled to be 6-8 mm. e soldering process is illustrated in Figure 3 .
Testing Microstructure and Mechanical Properties of PCFSSs.
e surface morphology of the soldered PCFSSs was observed via scanning electron microscopy (SEM) (Hitachi SU-70, Japan), and a component analysis of the soldering joint was performed using energy-dispersive X-ray spectroscopy (EDX). e pore size (defined as the equivalent diameter of the interspaces between adjacent fibers) and pore-size distribution of the PCFSSs were measured using an image-analysis software (Nano Measurement) via the statistical method. Five viewpoints were chosen from the twodimensional cross-sectional and longitudinal micromorphology images of each porous specimen. Tensile testing of the PCFSSs was performed using a desktop universal tension-testing machine (KS-M08, Dongguan, China). To satisfy the requirements for tensile testing, both the homogeneous-porosity PCFSSs and the soldered PCFSSs were set to the same size of 100 mm × 15 mm × 4 mm. e tensile-testing samples were clamped to ensure that the length of the e ective testing region was 50 mm, and then the samples were pulled at a constant tensile rate of 10 mm/min. e tensile testing was performed at room temperature (approximately 25°C).
Results and Discussion
Microstructure Characteristics of PCFSSs.
e pore-size distribution and surface morphology of PCFSSs with different porosities are shown in Figure 4 . e copper bers were in a disordered arrangement and formed a large number of 3D interconnected pores with random irregular shapes. is can be attributed to the random lling of copper bers in the mold cavity. e lling and molding processes resulted in a 3D network structure with many contact points between the bers. During the sintering process, the material migration between adjacent bers was accelerated at a high temperature, and sintering joints were easily formed via metallurgy bonding. Further investigation revealed that two types of sintering joints were present in the PCFSSs: lengthto-length contact joints and crossing ber joints [33] . e cross mesh structure and the formation of sintering necks improved the mechanical strength of the PCFSSs, expanding their range of applications. Figure 4 presents the pore-size distribution of PCFSSs with di erent porosities. e abscissa represents the poresize range, and the ordinate represents the proportion of the pore-size range. As shown, the porosity signi cantly a ected the pore-size distribution of the PCFSSs. PCFSS with 70% porosity had an average pore size of 169 μm, and 88.4% of the pores had a size <300 μm. PCFSSs with 80% and 90% porosities had average pore sizes of 213 and 242 μm, respectively. With an increase in the porosity from 70% to 90%, the maximum pore size increased from 634 to 775 μm, indicating that pore size was distributed over a wider range.
erefore, an inhomogeneous pore-size distribution was obtained for the PCFSSs with high porosities. Conversely, a lower porosity yielded a more centralized and uniform poresize distribution.
Mechanism Analysis of PCFSS Soldering Joints.
e appearance of the PCFSSs after soldering and the surface morphology of the soldering joint are shown in Figure 5 .
ere was no apparent macroscopic structural damage near the soldering joint, owing to the relatively low temperature and pressure used during the soldering process. Additionally, the solder adhered to the copper ber surfaces in the soldering area, forming a dense bonding layer ( Figure 5(a) ).
e e ectiveness of uxless soldering depends on the wetting, spreading, and capillary ow of the molten solder [26] . During the soldering process, wetting of the solder on the PCFSS surface is required for solder spreading and capillary action.
e internal capillary force of PCFSS micropores causes the molten solder to spread. e SEM images showed that the lead-free solder had good wettability on the PCFSS Advances in Materials Science and Engineeringsurface, and the interconnected pore structure and rough ber surface promoted the spreading of the ller metal into the PCFSS. Furthermore, there were no oxide layers appearing during the soldering process. erefore, in contrast to the soldering of other dense materials or aluminum foam materials [34] , the problems of oxide layers can be ignored; the ller metal easily spread to the soldering seam and lled the pore structure of the PCFSSs (Figures 5(b) and 5(c)). Figure 5 (d) presents the longitudinal pro le along the tangent C-C in the PCFSS soldering joint ( Figure 5(a) ). As shown in Figure 5 (a), uniform solder layers with a depth of approximately 1.5 mm existed on both the upper and lower surfaces of the PCFSS after soldering. e bond between the ller metal and the copper bers was relatively dense, and no distinct defects existed. EDX was used to analyze the elemental components in di erent colored areas ( Figure 5(e) ).
e results indicate that the components in light-gray phase A and dark-gray phase B were tin (99.13 wt.%) and copper (99.69 wt.%), respectively. Figure 6 presents the results of the line-scan EDX analysis of the copper-solder interface. ese results (shown in Figure 6 ) and the SEM image ( Figure 5 (e)) indicate that tin and copper were distributed continuously throughout the interfacial layer. us, the solder metal spread along the microscratches of copper bers. e grain boundaries of the bers were dissolved extensively, following which the alloy resolidi ed, forming a dendritic microstructure at the interface. is interdi usion contributed to the bonding at the atomic scale. Notably, during the soldering process, the Sn solder not only achieved excellent wetting on the PCFSS surface but also permeated through the micropores. By forming a uniform and dense interface with the copperbers, the soldering connection of the PCFSSs was nally realized.
E ects of Porosity on Tensile Properties of PCFSSs.
e tension fracture of the PCFSSs resulted from the destruction of inter ber sintering joints and ber breaking. If the ber parameters and the sintering process are strictly controlled, porosity is the decisive factor that in uences the number of ber sintering joints and the tensile properties of PCFSSs. e uniaxial tensile stress-strain curves of PCFSSs with di erent porosities are shown in Figure 7 ; here, the sample size was 100 mm × 15 mm × 4 mm. All the PCFSS samples experienced a rapid stage of linear elastic deformation in the initial tension process (illustrated in Figure 7 and its enlarged partial view) . en, without distinct yielding signs, the samples entered the plastic-deformation stage directly. With a further increase in the tension and strain, the stress reached the maximum value, and the testing Filler metal Advances in Materials Science and Engineering 5 sample was broken. is was de ned as the fracture stage [15, 17] . e tension fracture behavior of the PCFSSs was di erent from that of traditional plastic materials, including the linear-elastic stage, yielding stage, hardening stage, and necking stage. It was even di erent from that of ordinary brittle materials because of the prolonged plastic-deformation stage. Comparison of the stress-strain curves of PCFSSs with di erent porosities revealed that as the PCFSS porosity decreased, the tensile strength increased. When the porosity decreased from 90% to 70%, the tensile strength of the PCFSSs increased from 0.27 to 2.56 MPa. Additionally, as the porosity decreased, the elongation at break increased. In particular, the elongation at break of the PCFSS with 90% porosity was more than 5%. is indicates that PCFSSs with porosities in the 70-90% range possess good ductility. Obviously, the mechanical properties of PCFSSs are determined by their internal organization and structure. As the porosity decreased, more contact regions between the bers existed in the PCFSS, which not only promoted the formation of sintering joints but also increased the bearing area [33] . ese results provide a valuable reference for the design and manufacture of porous metal ber materials with high strength.
Uniaxial Tensile Performance of Soldered PCFSSs with the
Same Porosity. Figure 8 shows the typical tensile fracture appearance of soldered PCFSSs with the same porosity. Clearly, the fracture occurred far from the soldering joint, suggesting that the tensile strength of the soldering joint was higher than that of the parent PCFSSs. As indicated by the uniaxial tensile stress-strain curves of the soldered PCFSSs with the same porosity (Figure 9 ), the tension process of the soldered PCFSSs can be divided into three typical stages: an elastic-deformation stage, a plastic-deformation stage, and a fracture stage. With the decreasing porosity, the tensile strength and the elongation at break increased for the soldered PCFSSs with the same porosity. ese results agree with the conclusions drawn from the homogeneous-porosity PCFSS samples. Additionally, the change in the PCFSS tensile strength after soldering was negligible, but the elongation at break after soldering was signi cantly reduced. is is mainly because during the soldering process, the molten ller metal easily spread into the pore structure and formed a dense bonding layer. is increased the mechanical strength of the PCFSS at the bonding layer. However, it reduced the material ductility, and eventually, the elongation at break of the soldered PCFSS was reduced.
Compared with the other stages in the tensile process of the PCFSSs, the elastic-deformation stage was relatively short, and the stress-strain relationship for this stage satis ed Hooke's law for linear elasticity. erefore, Young's modulus of the PCFSSs could be calculated according to the linear stress-strain relationship. e calculated values are shown in Figure 10 . Young's moduli of the PCFSSs in the porosity range of 70%-90% were between 5.39 and 34.64 MPa. Young's modulus increased with the decreasing porosity.
A lower porosity of the PCFSS inevitably results in more bers and sintered necks per unit volume and greater resistance to deformation under an impact load [33] . Young's modulus of the soldered PCFSSs (E 37.65 MPa) with the same porosity (k 70%) was slightly higher than that of the parent PCFSSs (E 34.64 MPa), indicating that the overall sti ness of the PCFSSs was slightly increased after soldering.
is is mainly because the liquid solder permeated into the internal pore structure of the PCFSSs and then solidi ed into a compound material with the copper bers. e solidi ed solder had a more compact structure than the PCFSSs [27] . Owing to the solidi ed soldered layer, the mechanical strength and Young's modulus of the sample increased simultaneously. Figure 11 shows the uniaxial tensile stressstrain curves of soldered PCFSSs with di erent porosities. e tensile strengths of the soldered PCFSSs with gradientporosity types 70% + 80% and 70% + 90% were 1.39 and 0.21 MPa, respectively. e tensile strengths of the soldered PCFSSs with same-porosity types 80% + 80% and 90% + 90% were 1.29 and 0.25 MPa, respectively. As mentioned previously, the soldering joint of the soldered PCFSSs was strong enough to withstand the tensile load; thus, fracture did not occur in the joint area. When fracture was inevitable, naturally, the higher-porosity section with a lower tensile strength broke rst. erefore, the overall tensile strength of soldered PCFSSs with di erent porosities depended on the parent PCFSS with a higher porosity.
Uniaxial Tensile Strength of Soldered PCFSSs with Different Porosities.
Conclusions
Cutting copper bers were used as raw materials to fabricate PCFSSs with di erent porosities via the solid-phase sintering method. PCFSSs with the same porosity and di erent porosities were joined via a uxless soldering method. For PCFSSs with a homogeneous porosity in the range of 70%-90%, the tensile strength and elongation at break increased signi cantly with the decreasing porosity. SEM and EDX indicated that the uxless soldering method with the lead-free solder achieved excellent joining of the PCFSSs with the same porosity and di erent porosities without causing serious damage. e tensile strength of the soldered PCFSSs with the same porosity was no lower than that of their parent nonsoldered PCFSSs. e tensile strength of the soldered PCFSSs with di erent porosities depended on the higher-porosity section. Additionally, owing to the solidi ed soldered joint, Young's modulus of the soldered PCFSSs increased and the elongation at break decreased. e uxless soldering method is feasible for joining porous metal bersintered sheets and can play an important role in expanding the applications of porous metal ber materials.
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